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This wcrk was ^md«rtaken to obaafrre the effect oa the (Siseherge 
phencBsiKXQ of a stipsrsoralc air etreaa due to a change in Maeh KtHber 
and a change of boundary layer thickness at constant Maeh NoMber* 

Tvo {2) teo-diiseftsioaal aosxles vere designed using the Praxidtl Theory^ 
one haricg a Mach Suaber of and the other a Mach Nnaber ef 1.39* 

A third Bcasle was foraed ly adding a lenght cf straight tid^e te the 
profile of the first noxala to bring the Mach ITuaber down to 1«39 by 
f^ieticn, AH nocales were designed for the sane flow per unit area 
in the exit* 

A cflnpariscai cf the discharge of the first and second noasles 
alM«l<i shew the effeot of Mach l^«»ber 9 whereas a coe^pariscm the 
secend and third nossles should show the effect of boondary layer 
thickness. The G0iq)ariaoss were aade ty Sclilierea photcgra]^ and 
pressure neasureneats by a^cury aancneters at a point one eighth (l/d) 
inch fron the exit cf the nos 2 le and in the discharge chaaber* It is 
noted that the nosslea were HKxmted perpendicular to the knife edge 
in the apperatus* 

The results of the first coi^pcurisoa are not too conclusire. 
Further ctndy in thia line is reccs»eaded« The second conparisou 
shows that a thick boundary layer cannot support anything reseabling 
a tramrirerse shock whereas a thin boundary layer will* Pressure 
aeasurenent rewealed that even in the thineat boundary layers we 
were able to obtain there was no abrupt rise in pressure in the exit 
of the nossles - like that expected in frictionless flow - as the 
wxbanst pressure was increased. It is pointed out that the pressure 
wes measTsred at the well at a point one eighth (2/3) inch fron exit. 
The photographs ahow that as the exhevst prssrurs is inersased, tbs 



1 



*X^.f ^(»i» .4 •.»•' V% “*.t V ^4i^ ffld 

«C# M «^H ^ >HipB»i ^ ftiT .» * ftefli Iftbl^ ^ 

Qt «». «diifl ik^ Otf #i4M Ml V 

9^ «iTi mn mm Mi ^ %i«uta»i #w saCmit ti> 

Jtm 9 j£s 4i 

gi4 ia< fiWB— ij *41 L« • 







nA rS «u A< Uc» w Umm *41 %» taM Mai 

•n^ #%isNf 9^ Hi ftMiim 44ia ilfi If Ml Mai MM 

,fatEk|^ M? m 




«V *«r^ tMMM immUJj Ml el f% 4 jM HIM%4 
M M efBft^o el eeM «• «■« •vMt Meaift e* «JE4* mm 

••II M * «*n eJ ftwlpwqef MM MI^ MlltfM M* M 

. ^ Ml (iMj aiix»t» f lalM ^ m* e^ »i ^Mf «p» 

^ •**!— «M M ff '««« Ml 



i 



obUq». •bock tends to creep t*<* fron the exit. Thle i» <*•« 1« 
Figure. VIII, IX wd X. The cr.d«l rise In «rit preann-o .hc« hy 
ocr BMS«re«ot. my ho due to thl. creeping heck of the oblique 
ehoek OT« the preesuro tsp. Figure I shoe, that there were elig^it 
disccntluitie. in the preesuro curre for the high llech hunher 
dischorgo. The photogr.phe in thi. region - Figure. XI, XII end 

XIII • depict thl* in«tahillty In th« flew. 

It 1* rccoawjnl^d that further work of thl* nature he carried 

o«t with the aostle* aoontod parallel to the kclfe edge of the 
S^ilieren apparatus in order to observe more precisely the 
ootttrlhution of the boundary layer to the discharge phenooeaft. 
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jicTyOrirTTon 



Tha acsadcsnic inter®«t in tl»B flow of fluids «t aupsrsonlc 
voloclt/iaa hes recently ’c^coraa cf praotic«il je-portance due to the 
dev«lriJ!*8nt of s»s turbines eto. The theory of the Enuner in 
which a supcrscnic stream fl’c«i a ao-'^sle or tube adjusts itself to 
the proetwrc in the e^diaust siiooe la well devalcrped* 

This atsrlc propose® to invest igato and dbserv® ly Schlieren 
Methods of photography the Manner In which such adjiistmenta are 
aocospliahed and the effects of different Itech Niwbers and differeat 
bOTsadary layer thicknesses on the phenoaena* 
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Three (3) tvo-dlnensicmal nos^^es wore deaigaed. These were 
fitted wi-th plane gleae aldee »o that the flow in the exit aad 
diocherg® chemher could be obeerved by a Schlicren apporatua. The 
firat of these noasles (designated loasle ^ and ehowa in Figure 
ZZXVI9 Appendix B) was designet! to have as little boundary layer 
as possible and a Wach Nuober of 1*05« The secowd nossle (designated 
liozsXe #2 ant! shown in Figure XXXVII, Appendix B) was designed for 
the sane flow per tznit area at the exit and a Vach 9naber of 1«39« 

A cosrparlson of these two noszles should shew sone effect of Maoh 
fholber change on the discharge* The botindaxy layer should be assill 
in ea^ since they are vary shtnrt* 

To cospere the discharge at the sane Hach Nwber and differeitt 
boondary layer thicknesses a straight portion was added to the 
coatoin* cf Hcazle #1 to rednee the Mach Jfuaber by friction to the 
sane valna as that of Ncssle #2 • (1*39)« Tt was anticipated that 
sows sdjiistnent of the length of the straight portion would have 
to be nade to bring the Mach Ihinber to 1*39* This was later foiinr! 
to be the case* 

The laboratory procedure consisted of nounting the nozales 
in the Schlierea apparatus and taking suotien with a stean Jet air 
ejector* Air at roon temperature and ataospherie pressure was used 
as iraipply to sU the noszlss* It is noted that in order to naintain 
tho sene flow per unit area for Nossle #2, a specially designed 
reducing fitting shown in Fifure XXXIX was used te reduce the inlet 
pressure to two thirds (2/3) atnosphere* 

Starting with the Iswest pressure we could cbtaia in the 
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allowed to incroaso ia atapo 



diacharg® tha cxJmaat px'eeaur® ®aa 
until tho pr®Baar« shock® were seen to merre hack into tha neasl®. 
Baadiogo of the axlicost presatire and the preesur® one eighth (1/8) 
inch upatreaa frow tho exit pla»® »er« W wwrcvsy nanotater 
and recci'dad. Photograpba ware «ed® at each step t»i»g th® 
Edgertc® Flash Unit deaerlhed 1» Refereace (1) . Graph® of ®xit 
pr® astir® a© enthauat proaattr® n®r® plotted. 
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RKPULT3 ANT) DISCU?>3T0H OF PESUI>Tr> 



The renulto of the exporinent are shown in Figures I to XXTV , 

A CQferieon of Figure I and Figure II would ladleate that a 
phenoMeson acre eloeely apprcaching a theoretical tracsTcree shock 
is found la flow at higher l^cb Fuaher* The hreak in the pressure 
ctnree for Noxsle #1 (Mach ihiaber 1«B5) at an rudiaust pressure ef 
ahoxit 240 SB Hg. is mich nore pr enounced than for ar^ In the ctsnre 
for Mozxle #2 (Mach Nuaber 1.39) • Bxsainaticn of Figures X, XI 
aad XII ^ows aooe instability of the dischargo at the instant the 
shock occiura at the exit of the noxsle for the higher Kach Ifunber^ 
Vo cueh instability was obsenrod at the lower Mach Niraber (1,39) ♦ 
Figttreo XX9, XXVI and XXVII show, however, what appears to be a 
transverss shock at the lower Mach Kunsber* It is belieTed that the 
oewQparAtiTely swooth pressure curve for Nossle #2 is caused by the 
length cf the shock. Ap^pctrcntly the flow separatee frow the tube 
wall near the exit and the shock passes swccthly the noxsle as 
the aodsaust prwsewre increases $ whereas at the higher Mach Muaber 
the shock Is wuch shorter a»i the flew less stable. We were lanahle 
to st^ the ehock in the exit of this noxsle. 

Under all conditioM the pressure In the streaa adjusted 
itself to a lower exhaust pressure fay the espaneioB wedges expected 
frew the Meyer Theory of flow arounl a corner. This is shewn in 
Flgtsras IV, XXII aid XXVIH. Snail and woderate adjuetnents to a 
higher exhaust pressure were nads in all cases hy the i^Jitai 
SB oblique shock. There was a tewdesK^ for the oblique ehcek to 
creep back late the noxsle as the eidiaust presstare increased. It 
Is observed that this tendency beoane very prcnounced In the case 
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of th» thick hou 2 jdary layer. It la poaaible that the gradual ria* 
la the o^aaryed axit preasira aa the exhauat praasuro is increcflad 
la due t« the oblique shock craepii^ back orer the pressure tap 
?»hldi is located one eighth (1/8) inch froa the exit. la that evant 
the obaeryad praasuraa are probably not the true presouras in the 
center of the etraaa at exit. 

A coi^risca of Figure II and III shoe a aarked similarity 
in the pressure relatioaa of the two dlachargea at the s&me liach 
Ifuj&er (1.39) bat different boaadary layer thicknesses. It is 
aotad that the curya for Hosale #3 with a thick boundary layer ia 
displaced to the right by about 15 na Hg. o» the exhaust preasura 
scale. 

The mechanis* by which the pressure In the atreca adjusts 
itself to a considerably higher e:d3aust prassare is shown in Figures 
Xmi to my and Figures XXK to XX7I1 to be soajewhat differaat 
im these two cases. In the ease of the thick boundary layer Figures 
XXXII to XXX^ show that nothing ressmblitig a transyerse shock 
occurs. Imitead^ the boaadary layer ^ which is stibsonic, appears 
to increase in area while the super aonio stream decreases in area; 
thus the pressure rises to that of the exhaust chamber. The 
oblique shocks which arc set up and reflect downstream appear to 
orlginete at the poimt where contraction of the supersonic stream 
begims. It ia possible that this apparent enlargement of the 
boundary layer <a*oas section is actually a flow separation fram 
the wall. The observation that this phenomcncm occurs only in the 
case with thick boundary layer supports the former assumption^ 
however. 

It is reconnended that further work on this poimt be carried 
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out with th« aosalo noonted purall*! to tht knife edge of the 

Schlieren apparmtue lo that a better idea of ehat la going on in 

\ 

the boundary layer nay be obtained. 

In the caae of the thin boundary layer no auch separation er 
enlargeaent ia obsezred* Ifbat appear a to be a tranaverae shock with 
parhaps a littla aaparation la ahown ia Figviraa Xlir to XX7II* 

Inveatigatic« of the effect of Mach Ihaaber on the dlacharga with 
thick bofundary layor la also reconnended. It would be intorestiiig to 
nake obaervatloiie at a Mach Xusiber of 1*39 and with a boundary layer 
intemediate in thickness between the two cases used in this work* 

As is noted in Appendix A the length of straight tube necessary 
to reduce the Mach HwiA>er of Noszlt 1 to that of Hoasle 2 was (mleniated 
to be 10*35 inches* Actied. e:q>erine.nt rsrealed that this valtie sbcmld 
ba 6*02 inches and the leagth was accordingly reduced to that walue* 

Ihie to extrensly 1cm tenperat%s*ea of the stroen it was 
praetic^dLly Inposaible to prerent the coodessation of noisture on the 
outside surfaces of the glass plates* This resulted in smadgea 
sinllar to those shown la Figures IX)» X, XXVIIJ and ZXX* 
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FIGURE miV Koaale if3 - 261.4 Flash 
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FIGtRE XXXV Mozsle #3 P. - 300.4 Flash 
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COnCLUSIO’IS AKD RgQOIMByDATIOIfS 



1 . 



2 . 

3. 

4. 



5. 



Regardlass of Mach Nwber, in oi^ersoaic flofw th« ris« 
of pressure in the exit plane of a practical nozsle is not 
gladden (in accordance with the theoretical relation) bat 
occurs slwrly over a considerable range of exhaust chanber 
pressure* 

With thick boundary layer the flow will not si:5)pert 
aqrthing resembling a tranawerse shook* 

Thickness of bcuadnry layer has the controlling 
influence on the mechanlsn by which a snQ)eroonic strecn 
adjusts itself to the pressure in the exhaust chanber. 

It is rcccciacnded that further work in this line be 
carried out with the nozzles wouated parallel to the Icnlfe 
edge of the Sdalierea apparatus under the following 
conditions: 

(a) Use nozzles #1 and #3 of Appendix B. 

(b) Ose a nozzle with a tube npprcadnately three (3) 
inches long at a Mach Wumber of about 1*39 at exit. 

(c) Use a nozzle with a tube approxiiaately six (6) 
inches Icmg at a Mach lltadser of about 1.35 at exit. 

It is also recemended that iirrestigatlous of the effect 
of flew per unit area at the sane Mach Wtnri^er vqpen the 
discharge phenoaMa be carried out* 
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APPEtriX A »»» nBTAIIg or Plr.OmWE 



Reference (3) llluatratoa that a good shockless aozale -nay be 
designed by the use of the Prandtl Theory; therefore It was decided 
to use this method as the basis of the nozzle design. The nozzle 
design was merely a reproduction of the work of Reference (3) but 
usiiii* different area ratios, A theoretical pressure ratio of ,10 
was chosed for the basic nozzle CFigtire XXI7I, Appendix B) with 

o 

an angle of divergence of U-, 15’ , The theoretical Mach number at the exit 
of this Boasle is 2,152 based on k x 1,400, The area ratio io 1,9307, 

A velocity coefficient of ,95 was assuned and the actual Mach number 
calculated to be 1,85 with a pressure ratio of .124, 

It was desired to inveatigate the effect of Mach number with 
approximately constant boundary layer thickness on the discharge 
phenomena. To accomplish tiis a second nozzle (Figure XXX7II, Appendix 
B) was designed with' an area ratio of 1,287, In order to maintain the 
same flow per unit area at the exit of the two nozzles the inlet 
pressure in this nozzle was reduced to two thirds (2/3) of an 
atmosphere hy a specially designed adjustable fitting (Figm*© XXXIX, 
Appendix B), With an assiaed velocity coefficient of ,95, r was 
calculated as .275 and the ^ch maaber at exit as 1.39. In order 
to keep both nozzles the same length the angle of divergence was 
reduced to six (6) degrees. It was believed that any differences that might 
be caused by this change of eagle of divergence would ^e less than 
thoat caused by a change in length which -“ould affect the boundary 
layer. 

In order to observe the effect of boundary layer thickness 
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cn tbe diecbarc* pbeno^eas. fcr the same Mach nurabsr at exit, It aaa 
decided to add to the basic oozsle (Nozzle 1) a straight constant 
area ooction of such length as to reduce the %ich nimber of Nozzle #1 
(1,85) to th» Mach number of Nozzle #2 (1.30)* To eliaiisate the 
possibility of shock foraaticn at the Junction o"^ the nozzle aad tube 
it was decided to fabricate another nozzle sithlithc atraignt portion 
integral with tl‘»e nozzle itielf (Figure XXXVXII), Br use of data 
obtained from Reference (6) the length of tub# necoimiry was calculetod 
to be 10,35 inches. This figure was rogcrda-'^ as hisi^ly npproxiaato due 
to the use of a two dlaenBional tube instetul of the circular seetio'' upon 
which the data of Reference (6) is based. 

Provision was made for pressure nsasurenjent by aercury aanoaeter 
at a point one eighth (l/8) inch froa the nozzle or tube exit aad 
in the discharge cha’sber of all nozzles by a ,020 inch diaaetor hole 
in the steel contour. 

All pictures were taken with the axis of the nozzle perpendicular 
to the knife edge of the Schlleren apparatus described adequately 
in Reference (1), 

The pictures designated *Tlash^ wore made by using the Edgerton 
Plash Unit also described Feference (1), This gave an exposure 
tlae of approxinately ,5 x 10 seconds. A few pictures were takei 
using a steady light scurce and j.n exposure tine of l/®0 seconds, 
to show the difference in detail of pictures obtained by the use cf 
the two different methods. 
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?!077 U?; CHAlUCmiSTICS 



* Crcns-s#Gt^.cT!al Area at Thrcsat 
A^ * Croas-sacticnol Area «t Exit 

" Thecretical Ratio of Exit Preaeure to lalet Pressure 

* Actual Ratio of Exit l^esaure to Inlet Pressure 

S Thecrotloel llacii Nunber at Exit (Frlctloaless Plow) 

1^ * Actual Mach dumber at ^xit 
- Assuned Velocity Coefficient 
w s Flow ia Pounds per Seccai 
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All cf th« original nczale declgn oalculatioaa, photograpliie 
aegatlTaSy and the nozzle profiles are in the posaession of Wr, 

E. P, WeuiDaim of tbe Mechanical Eagiaeeriae Dspartneat, Msasachosetts 
Institute of Technolo^, 
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